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Integration of advanced fiber-optic components with the cutting-edge concepts and approaches in optical imaging helps confront the most challenging problems of life sciences, offering unique tools to look inside living cells, 1, 2 examine brain functions, 3, 4 and analyze gene expression. 5 Rapidly progressing fiber-optic technologies provide an advanced platform for the creation of fiber-based imaging systems, 6, 7 optical endoscopes, 2 optical neural interfaces, 3 and sensors for gene expression analysis. 5 With the recently developed photonic-crystal fibers (PCFs), 8 fiber dispersion and nonlinearity can be tailored by fiber structure engineering to match a specific optical interrogation protocol. 4, 7 Fibers of this class can substantially improve the signal collection efficiency in nonlinear microscopy 9 and have been shown to offer much promise for the creation of nonlinear-optical fiber endoscopes. 10 Advanced PCF lasers, 11, 12 as well as PCF frequency converters 13 and supercontinuum sources, 13, 14 are gaining growing applications in bioimaging based on coherent anti-Stokes Raman scattering (CARS). 15 Hollow-core PCFs (Refs. 16 and 17) can deliver high-energy ultrashort laser pulses for biomedical applications 18 and offer much promise for the creation of tunable wavelength shifters for multiphoton microscopy and CARS microspectroscopy. 19 Here, we show that the tailored design of PCFs is instrumental in addressing one of the key issues in fiber-based imaging. Experiments and theoretical analysis presented below in this paper demonstrate that appropriately designed small-core PCFs can substantially enhance the locality of fluorescent response collection by fiber probes used for imaging.
Our experiments were intended to model fiber-based optical interrogation of individual cells in biotissues doped with fluorophore dyes or fluorescent protein biomarkers (Figs. 1(a) and 1(b)). As a model system, we used Separon SGX microparticles labeled with Rhodamine. Optical excitation was provided by the 473-nm second-harmonic output of a continuous-wave Nd:YAG laser. Two types of fiber probes were examined. Probes of the first type were based on standard telecommunication fibers with a core diameter 2a 0 % 9 lm and a numerical aperture NA % 0.2. The fiber probes of the second type were PCFs with a core diameter of about 2 lm and NA % 0.38. Laser radiation was coupled into the fiber probes of the first and second types using 20 Â NA ¼ 0.4 and 40 Â NA ¼ 0.65 objectives, respectively. A freely propagating beam from the fiber output was directly used for the optical interrogation of dye-labeled microspheres. The fluorescent response provided by dye molecules at 560 nm was collected by the same fiber probe and was detected with a photomultiplier.
Figures 1(c) and 1(d) present the maps of fluorescence intensity measured as a function of transverse coordinates x and y. In these measurements, the output tip of the fiber probe was scanned in the xy-plane relative to the sample. An increase in the distance z between the output fiber tip and the sample plane reduces the intensity of the fluorescence signal collected by the fiber (Figs. 1(e), 1(f), 2(a)-2(c)). Fibers with smaller cores and higher numerical apertures are seen to provide a tighter confinement of optical interrogation in the region adjacent to the fiber tip (cf. curves 1 and 2 in Fig. 2(c) ).
To understand these results, we examine the locality of optical interrogation in the fiber-based imaging scheme as a function of parameters of the fiber probe and the interrogated system. In this scheme, a fiber probe with a numerical aperture NA ¼ ðn
1=2 , where n 1 and n 2 are the refractive indices of the fiber core and cladding, respectively, delivers the interrogating radiation to a fluorophore-dye-or fluorescent-protein-doped tissue and collects the fluorescence response from the biotissue, capturing the fluorescence signal within the acceptance angle h 0 ¼ arcsinðNA=n 0 Þ, where n 0 is the refractive index of the tissue. The total power of the fluorescence signal collected by the fiber probe in such a scheme given by
where r is the absorption cross section, g is the fluorescence quantum yield, N is the density of fluorescent centers, which is assumed to be constant over the interrogated volume, r is the transverse coordinate measured from the axis of the fiber probe, z is the longitudinal coordinate measured from the output end of the fiber probe, I 0 is the intensity of interrogating radiation at the center of the beam at the output end of the fiber probe, i.e., at r ¼ 0 and
g=2 is the efficiency of fluorescence signal collection by the fiber probe, f(r, z) is the factor including the divergence of the interrogating beam, and T(r, z) is the attenuation due to scattering, which is not modeled in our experiments, but is included in our theoretical analysis for completeness.
The function wðr; zÞ ¼ /ðr; zÞf ðr; zÞT 2 ðr; zÞ under the integral in Eq. (1) quantifies the contribution of a small volume inside the interrogated area centered at r and z to the total fluorescence signal collected by the fiber probe. Figures  3(a) and 3(b) present the maps of this function calculated for different parameters of fiber probes and the Kubelka-Munk model of diffuse scattering, T KM ¼ ðl s z þ 1Þ À1 , where
is the scattering coefficient and l s is the scattering length. The area within the solid line in these maps shows the region that provides 80% of the fluorescence signal collected by the fiber. The general tendency seen in Figs. 3(a) and 3(b) is that a fiber with a smaller core and higher numerical aperture would interrogate a region with a smaller longitudinal dimension inside a tissue. This tendency agrees well with experimental results presented in Figs. 2(a)-2(c) . With the divergence of the interrogating beam emerging from the fiber probe approximated as f ðr; zÞ ¼ a
where a m is the effective fiber mode radius, h d is the divergence angle of the interrogating beam emerging from the fiber, and using power-series expansions f ðr; zÞ % 1 À 2ðz=a m Þtan h d and T KM ðr; zÞ ¼ 1 À l s z, valid for small z, we identify the characteristic beam-divergence length as l d % a m =ð2 tan h d Þ. Fibers with smaller cores and larger numerical apertures thus enhance the divergence of the interrogating beam. Two physically different situations can be distinguished with regard to the relative significance of scattering and diffraction effects. In the regime where l d > l s , the longitudinal dimension of the interrogation region L is controlled by scattering, while with l d < l s , the spatial scale L is determined by the diffraction of the beam emerging from the fiber probe. The fiber probes used in our experiments are chosen in such a way as to support the regime where l d < l s , as this regime provides the strongest confinement of optical interrogation. Indeed, for the fiber probe of the first type (a 0 % 4.5 lm, NA % 0.2, a m % 3.2 lm, and h d % 0.04) used to probe a biotissue with n 0 % 1.36 and l s % 11 mm À1 (a typical scattering coefficient for a brain tissue), we have l d % 30 lm, which is substantially shorter than the scattering length, l s % 91 lm. For the small-core, high-index-step PCF probe used in our experiments (a 0 % a m % 1 lm, NA % 0.4, and h d % h 0 % 0.3), the beam-divergence length is even shorter, l d % 1.5 lm, providing an enhanced locality of optical interrogation. Since scattering effects do not play a significant role in a typical imaging experiment intended to provide an enhanced locality of optical interrogation, no scattering is included in our model experiment. Our theoretical model based on Eq. (1) is seen to provide an excellent fit for the dependence of the fluorescence intensity on z for both small-and large-core fiber probes (cf. solid lines and experimental data points in Fig. 2(c) ), with the longitudinal dimension of the interrogated region closely following the a m tan À1 h d scaling, dictated by the diffraction of the interrogating beam emerging from the fiber probe.
The volume of optical interrogation V will be defined here as the volume inside the probed sample that provides 80% of the fluorescence signal collected by the fiber probe (the areas within the solid lines in Figs. 3(a)-3(c) ). When scattering effects are negligible, this volume is mainly determined by the effective mode radius and the numerical aperture of the fiber probe, as well as the refractive index of the probed sample. Specifically, the fiber probes of the first type used in our experiments allow individual cells with a typical size of 7 lm (e.g., neuron bodies) to be optically interrogated in a tissue with a density of neurons at the level of q % 2Á10 5 cells/mm 3 (e.g., in somatosensory cortex 20 ). Indeed, the interrogation volume for this type of fiber probes, V % 2Á10 3 lm 3 , contains, on the average, less than one neuron body for this type of brain tissue, V < 1/q.
The natural tradeoff between the locality of optical interrogation and the intensity of the fluorescence response, which eventually defines the sensitivity of optical interrogation, is illustrated by Fig. 3(d) , where the isolines of V are plotted against the map of the collected fluorescence signal power on the a m -NA plane. With the excitation radiation intensity delivered by a fiber probe kept constant for fibers with different core sizes, the levels of constant power for the collected fluorescence signal are seen to be qualitatively consistent with the generic a m tan À1 h d tendency. When a certain degree of locality is required, meaning that we need to stay on a certain V isoline in Fig. 3(d) , more intense fluorescence signals and, hence, higher sensitivities of optical interrogation can be achieved by using fiber probes with large core sizes and larger NAs. It is straightforward to see from Fig. 3(d) that confining the interrogation volume V to a typical volume of a single neuron body V n % 200 lm 3 requires a fiber probe with a very small core. The key advantages of PCFs for an optical interrogation of neurons can then be best appreciated by realizing that these fibers can combine a small core diameter with a high numerical aperture. In particular, small-core PCF fiber probes used in our experiments (a % 1 lm, NA % 0.4) confine optical interrogation to a volume V less than 50 lm 3 . Such fiber probes can provide an access to individual neurons in brain regions with a high density of neurons, including, most notably, the hippocampus area, where q % 5Á10 6 cells/mm 3 . In summary, small-core PCF probes allow the enhancement in the locality of optical interrogation in fiber-probebased imaging. We have shown that a PCF probe with a 0 % 1 lm and a numerical aperture of 0.38 can confine optical interrogation to a typical volume of less than 50 lm 3 , enabling optical interrogation of individual neurons in a typical brain imaging experiment.
